INTRODUCTION 47
Following the retreat of the glaciers at the end of the Pleistocene some 12,000 years 48 ago, recolonisation of northern Europe, in particular for most terrestrial species, is presumed 49 to have originated from one, two or three refugia in southern Europe i.e. Iberia, Italy and the 50 Balkans (Hewitt 1999). In the case of shallow water and inter-tidal marine species, the 51 situation was different in that post-glacial colonists from the south (contemporary Iberia, 52
western North Africa and the Mediterranean) had to follow coastlines, which experienced 53 rapid changes in sea level (Maggs et al. 2008 ). The fact that many marine species have 54 pelagic larvae is thought to increase the potential for rapid colonisation (Luttikhuizen et consequence of forces such as mutation, genetic drift and selection, while the two 93 assemblages were separated throughout the Pleistocene. 94
In addition, a single or limited number of colonisation events, limited to a small 95 number of founders, would result in substantially lower genetic variability in northern 96
European populations. Therefore, M. arenaria occurring south of the glaciated areas in 97 eastern North America, would be more genetically variable than those in Europe. In this way, 98 another feature of the colonisation process can be elucidated. 99
Previous genetic studies of M. arenaria concentrated on eastern North American 100 coasts and used markers such as allozymes (Levinton 1973 , Morgan et al. 1978 was dismissed on the basis of the relatively small number of individuals within samples, 114 resulting in low discovery of rarer haplotypes (Strasser & Barber 2009) . 115
In the current study sequences from a large section of the COX1 mitochondrial gene 116 were considered, together with sequences previously published by Strasser & Barber (2009) . 117
Genetic data from ten nuclear microsatellite DNA loci were also investigated. These 118 molecular data were analysed to investigate several eastern North American samples, a single 119 western North American and five European samples (the latter being the most intensive 120 coverage to date of European samples). Both mitochondrial and nuclear data were included to 121 test for correspondence in evolutionary inference between these two genomic systems. 122
Recently published microsatellite loci were included (St-Onge et al. 2011, Krapal et al. 123 2012), as their intensive polymorphism and high evolutionary rate make this marker type 124 ideal for determining routes of colonisation, quantifying relative numbers of founders and 125 determining contemporary population structure in donor and colonised areas. 126
In summary, the aims of the current study were to investigate genetic composition at 127 the COX1 gene and ten microsatellite loci in samples of M. arenaria from eastern and 128 western North America and from north Western Europe, and to test the hypothesis about the 129 origin of European colonization. 130
131

Materials and Methods 132
Sampling 133
Specimens of Mya arenaria (n=320) were sampled from eight intertidal locations 134 throughout the contemporary species range, in Ireland, North Wales, the Netherlands, eastern 135
Canada and three locations in the United States (Figure 1 ). Specimens were collected by 136 digging in the lower intertidal, or with a benthic hydraulic escalator dredge, at each site. Gill 137 tissue samples from each individual were preserved in 90% molecular grade ethanol. Details 138 of sampling locations are shown in Figure 1 and Table 1 . 139
Mitochondrial DNA 140
Ten to 16 M. arenaria specimens representing the sampling locations covered in the 141 current study (Table 1) Amplified products were checked for quality by gel electrophoresis (1.5% 0.5x TBE 154 agarose gel) and purified using EXOSAP-IT (Affymetrix, USB Products) purification kits. Deviations from Hardy-Weinberg equilibrium (HWE) were assessed using exact probability 226 tests implemented in GENEPOP 3.4 (Raymond & Rousset, 1995) . Significance levels for 227 multiple comparisons were adjusted using standard Bonferroni correction (Rice 1989) . 228
Because null alleles can result in an underestimation of within-population genetic variation, 229 loci that deviated from HWE, with heterozygote deficiencies, were evaluated for the 230 existence of null alleles following approach implemented in MICRO-CHECKER 2.2.3 (van 231
Oosterhout et al. 2004). 232
Genetic divergence among samples was compared using FST (Weir & Cockerham 233 1984) , estimated using diveRsity (Keenan et al. 2013), and statistical significance was 234 assessed by bootstrapping loci (5,000). Patterns of nuclear genetic subdivision observed both 235 at macro-and micro-geographical scales were evaluated using analysis of molecular variance 236 (AMOVA) also using ARLEQUIN 3.01 with 10,000 permutations. 237
To further investigate the presence and patterns of population sub-structuring within 238 the sample, an unrooted neighbour joining (NJ) tree was created based on Nei et al. (1983) 239 genetic distances. Genetic distances and bootstrap values (10,000) were calculated using 240 Populations 1.2.3.1. A tree was then drawn using Figtree 241 (http://tree.bio.ed.ac.uk/software/figtree/). 242
As an additional approach to examine the patterns of population genetic within the 243 data, the Bayesian analytical framework implemented in the programme STRUCTURE 244 (Pritchard et al. 2000) was also used. This framework allows for the identification of genetic 245 partitioning (i.e. genetic sub-structuring) within a sample for which no a priori hypothesis of 246 population structuring exists. Thus, given a sample set consisting of genotypic data from a 247 number of specimens, the analytical framework estimates the minimum number of Mendelian 248 populations (i.e. independent genetic entities) that best explains the data. Here, the 249 STRUCTURE analysis was carried out using a hierarchical approach, which was primarily 250 intended to identify major genetic evolutionary lineages within the data and subsequently 251 refining these to the population level. This analysis was carried out as follows: 1) using the 252 the complete data set, STRUCTURE runs were set for k varying from 1 to 10 (20 interactions 253 for each k value), with 100,000 burn-in iteractions, followed by 100,000 MCMC iteractions 254 for each independent run. STRUCTURE analysis was carried out using the admixture model 255 with correlated allele frequencies. Group matching among independent run interactions was 256 carried out using CLUMP v.1.1.2b (Jakobsoh & Rosenberg 2007) employing the "greedy" 257 algorithm with random input orders and 20,000 repeats. In each case, the optimal k was 258 determined using the ad-hoc method of Evanno et al. (2005) . 2).Following this initial run, in 259 order to identify further genetic sub-structuring within the data (i.e. sub-groups within the 260 main groups), STRUCTURE was independently run with genotypic data from each of the 261 main groups separately. In each instance, the same approach/parameters adopted for the 262 whole data set were used. If additional substructuring was identified, STRUCTURE was 263 again independently run against samples representing each sub-group using same 264 approach/parameters. This iterative/hierarchical approach was repeated until no further sub-265 structuring was evident from the data. Results of this hierarchical analysis were summarsed in 266 graphical format using STRUCTURE plots. Finally, as an alternative non-parametric 267 approach to assess the existence of population sub-structuring within the data, a Factorial 268
Component Analysis (FCA) was carried out using GENETIX 4.05 (Belkhir et al. 1996 (Belkhir et al. -2004 . 269
The results of this analysis were summarised using a three dimensional plot generated in 270 haplotypes are restricted to particular sampling locations, occurring once only. Among the 283 notable exceptions was haplotype B, which was relatively common throughout the sampling 284 range but appears to be particularly common in Europe, and haplotype E which, with one 285 exception (Canada -C), was restricted to European samples. Of the seven novel haplotypes 286 described in the present study, five were restricted to North America and two (AB and AC) 287 were restricted to Europe. 288
The median-join network depicting the genetic relationship among haplotypes, 289 revealed a star-shaped phylogeny (Figure 2) . In most cases, haplotypes differed from each 290 other by a single mutational step stemming from haplotype A. 291
Within sample variability 292
Haplotype diversity (h) ranged from a zero value in Wales (W) and Nova Scotia (NS), 293 which were fixed for haplotype A to 0.800 and 0.894 in Maryland (MLMR) and Bannow Bay 294 (BB) respectively with an average of 0.422 (Table 2) . Nucleotide diversity (π) was relatively 295 low for all localities, ranging from 0.00023 in the Canadian sample (C) to 0.00245 in the 296
Miles River (MLMR) group. The values for the average number of nucleotide differences (k) 297 ranged from zero in Wales (W) and 0.125 in Canada (C) to 1.303 in the Miles River (MLMR) 298 sample (Table 2) . 299
Among sample variability 300
After standard Bonferroni correction, pairwise inter-population Φst comparisons 301 revealed certain samples of M. arenaria to be statistically significantly different from each 302 other (Table 4) be statistically significantly different from any other areas using this method. In the 306 hierarchical AMOVA, 90% of mtDNA COX1 variation was found within samples, whereas 307 7.9% and 2.1% of total haplotype frequency variation (both values statistically significant 308 from zero) was represented by variation between European and North American samples and 309 among samples within regions respectively (SI Table 2 ). 310
Microsatellites 311
Intra sample parameters 312
Three hundred and twenty M. arenaria from eight geographical sites across the 313 species range were genotyped at ten microsatellite loci (SI Table 6 Table 3 ). The highest percentage of unique alleles 328 present in an area was found in the Oregon sample (NEP) of M. arenaria, and the lowest in 329 the Welsh sample (W) (SI Table 4 regions" sub structuring (SI Figure 1) . 364
Hierarchical AMOVA analyses corroborate previous analysis by indicating significant 365 differences in genetic partitioning of M. arenaria at all levels of geographic organisation 366 (with regional partitioning as used above for COXI data), between the two regions, Europe 367
and North America, among populations within regions, and within populations (SI Table 5 ). 368
As with mtDNA COX1 AMOVA results, most variation was due to differentiation within 369 populations (88.29%), while 5.48% and 6.23% of total variation was represented by variation 370 among Europe and North American samples, and among populations within regions 371 respectively. 372
373
Discussion 374
As noted in the Introduction, previous studies of M. arenaria failed to demonstrate 375 significant inter-and intra-continental differences between samples. Conversely, in the 376 present study virtually all samples were significantly different for pairwise multi-locus 377 microsatellite FST values, except those in close proximity in Chesapeake Bay (Table 5 ). The 378 greatest difference was between samples from either side of the Atlantic (see AMOVA 379 results in SI Table 4 ). This suggests that all but two of these samples should be regarded as 380 largely distinct populations, with little contemporary gene flow between them. 381
In the present investigation, the utilisation of a combination of two independent 382 molecular methods in this species was novel. Another innovation with these markers, which 383 have previously proven to be discriminatory in eastern North America ( was not feasible to determine whether there has also been a limited contribution from one or 457 more refugia on European shores, if the species did persist in Europe during the Pleistocene. 458
While some haplotypes were almost or totally exclusive to Europe (see Irish samples in Table  459 3), the majority were only one mutational step removed from haplotypes common in eastern 460
North America (see Figure 2 ). For microsatellites, only a minority of rare alleles was 461 exclusive to European samples. More extensive European sampling, particularly further south 462 in the range, will be necessary to address this question. Table 1 ). 475
The large inter-and intra-continental difference demonstrated in the current study 476 collected for the present study. Sampling codes for current samples are as provided in Table  710 2. The NEP site in Oregon is obscured in Figure 1 (a) and some other overlap of 711 neighbouring sites occurs in Table 1 
